Abstract: Salt marsh productivity is an important control of resiliency to sea level rise. However, our understanding of how marsh biomass and productivity vary across fine spatial and temporal scales is limited. Remote sensing provides a means for characterizing spatial and temporal variability in marsh aboveground biomass, but most satellite and airborne sensors have limited spatial and/or temporal resolution. Imagery from unmanned aerial vehicles (UAVs) can be used to address this data gap. We combined seasonal field surveys and multispectral UAV imagery collected using a DJI Matrice 100 and Micasense Rededge sensor from the Carpinteria Salt Marsh Reserve in California, USA to develop a method for high-resolution mapping of aboveground saltmarsh biomass. UAV imagery was used to test a suite of vegetation indices in their ability to predict aboveground biomass (AGB). The normalized difference vegetation index (NDVI) provided the strongest correlation to aboveground biomass for each season and when seasonal data were pooled, though seasonal models (e.g., spring, r 2 = 0.67; RMSE = 344 g m −2 ) were more robust than the annual model (r 2 = 0.36; RMSE = 496 g m −2 ). The NDVI aboveground biomass estimation model (AGB = 2428.2 × NDVI + 120.1) was then used to create maps of biomass for each season. Total site-wide aboveground biomass ranged from 147 Mg to 205 Mg and was highest in the spring, with an average of 1222.9 g m −2 . Analysis of spatial patterns in AGB demonstrated that AGB was highest in intermediate elevations that ranged from 1.6-1.8 m NAVD88. This UAV-based approach can be used aid the investigation of biomass dynamics in wetlands across a range of spatial scales.
Introduction
Coastal wetlands, despite being characteristically dynamic ecosystems equipped to deal with a variety of stressors, are threatened by environmental change. Environmental stressors, such as inundation, salinity, and nutrient availability, influence the overall productivity of coastal wetlands [1] . Wetland productivity is mediated by complex biogeomorphic feedbacks, whereby plants accumulate organic matter and trap inorganic sediment to maintain their elevation in relation to varying tidal levels and other stressors [2] . The ability of coastal wetlands to remain productive and maintain elevation through accretion is a key factor in overall wetland resilience to environmental change [3, 4] . As a result of these complex biophysical interactions, coastal wetlands exhibit high spatial and temporal variability in characteristics such as plant community zonation and seasonal productivity.
Climate change threatens to disrupt the normative patterns and processes by exacerbating environmental stressors, which could have cascading effects on biological response, wetland productivity, and, ultimately, resilience [5] . Climate change is expected to accelerate sea level rise, alter precipitation patterns and intensify coastal storms [6] , however, the full extent of Remote Sens. 2019, 11, 540 3 of 16 The aim of this study was to develop a UAV-based aboveground biomass estimation model for a coastal salt marsh in southern California. An initial objective was to validate UAV reflectance retrievals using in situ measures of canopy reflectance to ensure proper image acquisition and post-processing. We used field data to test the ability of several vegetation indices derived from the UAV imagery to accurately model aboveground biomass. By conducting this effort repeatedly over the course of an annual growing cycle, we examined the influence of season in our ability to model aboveground biomass. The UAV-based estimation model was then used to create ultrahigh-resolution maps of salt marsh aboveground biomass over the annual growing cycle, allowing us to detect fine-scale spatial patterns within the coastal wetland and to characterize intra-annual biomass dynamics. Ultimately, this study highlights the feasibility of UAVs for quantifying biomass dynamics, filling a critical gap in our ability to track coastal wetland phenology at fine spatial and temporal scales.
Materials and Methods

Site Description
We conducted seasonal UAV surveys and field sampling at the Carpinteria Salt Marsh Reserve (34 • [48] . Climate conditions are Mediterranean temperate with dry, hot summers. Mean temperatures at the site range from 24 • C maximum in August to 6 • C minimum in January, with a mean annual precipitation of 38 cm.
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Materials and Methods
Site Description
We conducted seasonal UAV surveys and field sampling at the Carpinteria Salt Marsh Reserve (34°24′4.3′′N, 119°32′16.4′′W), Basin II, in Santa Barbara County, CA, USA between February and November 2018 (Figure 1 ). This site contains 93 hectares of wetland and channel habitats, in addition to transitional uplands, with relatively shallow elevations grading from −1 m to 3 m above mean sea level. Tidal statistics are characteristic of a perched system with mean sea levels ~0.25 m higher and ~33% reduced tidal range within the marsh relative to the open coast [48] . Climate conditions are Mediterranean temperate with dry, hot summers. Mean temperatures at the site range from 24°C maximum in August to 6°C minimum in January, with a mean annual precipitation of 38 cm. The intertidal plant community consists of annual and perennial herbs and grasses. This site is dominated by Salicornia pacifica (pickleweed), Jaumea carnosa (marsh jaumea), and Distichlis littoralis (shore grass). Other species present include Cuscuta salina (saltmarsh dodder), Frankenia salina (alkali heath), Limonium californicum (marsh rosemary), Distichlis spicata (salt grass), and Suaeda calceoliformis (horned sea blite).
Field Data Collection
Multispectral UAV Image Data
We conducted field campaigns each season for one year on 23 February 2018 (winter), 24 May 2018 (spring), 19 July 2018 (summer), and 13 November 2018 (fall). Sky conditions on flight days ranged from overcast to clear and tidal levels ranged from 0.24 to 1.29 m NAVD88 (Table S1 ). We performed UAV surveys using a DJI Matrice 100 quadcopter (DJI, Nanshan, Shenzhen, China). The DJI Matrice 100 is a fully programmable multirotor platform that can be customized with different sensors for specific applications, unlike other off-the-shelf models, like the DJI Phantom. The payload included a Micasense Rededge multispectral camera and a downwelling light sensor (DLS), or irradiance sensor (Micasense, Seattle, WA, USA). However, DLS data were ultimately not included in image processing because it decreased radiometric performance and led to an overestimation of reflectance in the resulting UAV orthomosaic ( Figure S1 ). The Rededge multispectral camera used in this study captures five spectral bands: Blue (475 nm, 20 nm bandwidth), green (560 nm, 20 nm bandwidth), red (668 nm, 10 nm bandwidth), red edge (717 nm, 10 nm bandwidth), and the near-infrared (840 nm, 40 nm bandwidth).
Prior to UAV flight, we deployed ground control place markers (GCPs) with a real-time kinematic global positioning system RTK-GPS to help with georeferencing and photo alignment during image processing ( Figure 2 ). We performed RTK-GPS measurements at GCP centers with an Arrow Gold RTK-GPS with~3 cm horizontal accuracy and~5 cm vertical accuracy (EOS Positioning System, Terrebonne, QC, Canada). We also captured images of calibrated panels with known reflectance (Micasense, Seattle, WA, USA) using the Rededge sensor before and after each flight to aid in radiometric conversion.
Remote Sens. 2019, 11, x FOR PEER REVIEW 4 of 16
The intertidal plant community consists of annual and perennial herbs and grasses. This site is dominated by Salicornia pacifica (pickleweed), Jaumea carnosa (marsh jaumea), and Distichlis littoralis (shore grass). Other species present include Cuscuta salina (saltmarsh dodder), Frankenia salina (alkali heath), Limonium californicum (marsh rosemary), Distichlis spicata (salt grass), and Suaeda calceoliformis (horned sea blite). (Table S1 ). We performed UAV surveys using a DJI Matrice 100 quadcopter (DJI, Nanshan, Shenzhen, China). The DJI Matrice 100 is a fully programmable multirotor platform that can be customized with different sensors for specific applications, unlike other off-the-shelf models, like the DJI Phantom. The payload included a Micasense Rededge multispectral camera and a downwelling light sensor (DLS), or irradiance sensor (Micasense, Seattle, WA). However, DLS data were ultimately not included in image processing because it decreased radiometric performance and led to an overestimation of reflectance in the resulting UAV orthomosaic ( Figure S1 ). The Rededge multispectral camera used in this study captures five spectral bands: Blue (475 nm, 20 nm bandwidth), green (560 nm, 20 nm bandwidth), red (668 nm, 10 nm bandwidth), red edge (717 nm, 10 nm bandwidth), and the nearinfrared (840 nm, 40 nm bandwidth).
Field Data Collection
Prior to UAV flight, we deployed ground control place markers (GCPs) with a real-time kinematic global positioning system RTK-GPS to help with georeferencing and photo alignment during image processing ( Figure 2 ). We performed RTK-GPS measurements at GCP centers with an Arrow Gold RTK-GPS with ~3 cm horizontal accuracy and ~5 cm vertical accuracy (EOS Positioning System, Terrebonne, QC, Canada). We also captured images of calibrated panels with known reflectance (Micasense, Seattle, WA) using the Rededge sensor before and after each flight to aid in radiometric conversion.
We planned UAV flights using the Atlas Flight software (Micasense, Seattle, WA). We conducted flights at an altitude of 90 m above ground level, an airspeed of 7 m s −1 , and with image overlap (frontlap and sidelap) set to 75%. With these specifications, average flight time per battery set was approximately 30 minutes, requiring up to 2 flights to cover a 0.35 km 2 study area (Table S1 ). We planned UAV flights using the Atlas Flight software (Micasense, Seattle, WA, USA). We conducted flights at an altitude of 90 m above ground level, an airspeed of 7 m s −1 , and with image overlap (frontlap and sidelap) set to 75%. With these specifications, average flight time per battery set was approximately 30 min, requiring up to 2 flights to cover a 0.35 km 2 study area (Table S1 ).
Vegetation Sampling
We conducted field sampling of salt marsh vegetation during each season along an elevational gradient which captured a representative subset of dominant species at the site ( Figure 2 , Ground Samples). The elevational gradient ranged from 0 m NAVD88 at the southwest corner of basin II to 3.5 m NAVD88 at the northeast corner of basin II (Figure 1) . Along elevational transects, we sampled 0.25-m 2 plots (n = 15) placed approximately 10 m apart. We captured plot locations with submeter accuracy using the RTK-GPS. We also measured canopy reflectance with an ASD Handheld 2 Spectrometer (Malvern Panalytical, Malvern, UK). Reflectance spectra were sampled every 1 nm over 325-1075 nm using a 25 • field of view foreoptics. We took ten readings at nadir at a height of approximately 50 cm for a 25-cm diameter ground field of view and averaged them together to create a single spectral profile for each plot. Following spectral measurements, we harvested all aboveground biomass above the soil level within the sampling plot. In the laboratory, aboveground biomass samples were massed for wet weight (g), then dried at 50 • C for one week or until constant mass was achieved to obtain dry weight (g).
Multispectral UAV Image Data Processing
We conducted preprocessing of UAV images to correct images for dark pixels, vignette effects, exposure, and gain ( Figure 2) . Corrected images were then converted from raw digital number (DN) to radiance and from radiance to reflectance using a radiance-to-reflectance conversion factor calculated by averaging the preflight and postflight calibration panel images. Image correction and radiometric conversion were conducted in Python 3.6 (Python Software Foundation, Amsterdam, the Netherlands) using scripts adapted from Micasense for batch processing [49] . UAV images processed to reflectance were then imported to Agisoft Photoscan Pro v1.4 for orthomosaic generation (Agisoft, St. Petersburg, Russia). During this process, photos were aligned to the highest accuracy setting and optimized using the GCPs with RTK-GPS coordinates. We took additional steps to calibrate image color and white balance to ensure brightness consistency within each band in the resulting orthomosaic. (Table S1) .
We compared reflectance measured from the UAV imagery to the in situ canopy reflectance measurements to validate data collection and processing. To facilitate comparison, field spectra were first convolved using a weighted average filter to correspond to the bands measured by the Rededge sensor [50] . We processed field spectra in Python 3.6. We extracted reflectance data for each band of the multispectral orthomosaics using the R raster package v2.7. Mean reflectance estimates were extracted for a circular area surrounding each sampling plot, which accounted for quadrat width (25 cm), the horizontal error of both the RTK-GPS (~2.5 cm), and the orthomosaic (4.3-11.9 cm; Table S1 ).
Comparison of UAV and field reflectance for each of the five bands was conducted for pooled seasonal data using simple linear regression in R (R Foundation for Statistical Computing, Vienna, Austria).
UAV-Based Biomass Estimation
We tested a suite of vegetation indices for their ability to estimate aboveground biomass (Table 1) . We selected vegetation indices (VIs) based on the spectral bands present in the Micasense Rededge sensor and to align with common VIs used with multispectral satellite imagery. The UAV-based reflectance estimates corresponding to each sampling plot were then used to calculate average VI for each plot. We compared plot aboveground biomass to VIs for pooled seasonal data, as well as separately for each season, using simple linear regression from the R stats package v3.4.2. Linear regression analysis was selected because data derived from the orthomosaics did not exhibit pixel saturation. [56] We selected the vegetation index with the highest performing biomass estimation model to create biomass maps for each season. We chose a single annual model based on the seasonally pooled data to allow for comparison across seasons. To create biomass maps, first, we created VI maps from the 5-band multispectral orthomosaics using raster band math functions in R. Then, we applied the biomass estimation model to the VI maps to create biomass maps. Additional raster processing included the masking of water and resampling so that resulting biomass maps conform to a 1-m pixel resolution. Water masks were created using a supervised classification in ENVI (Harris Geospatial Solutions, Boulder, CO, USA). All raster processing was conducted in R.
Further investigation of annual versus seasonal models was performed for the highest performing VI. We used a partial F-test to compare the reduced model (pooled seasonal data) and the full model (including season as a predictor variable). All statistical analyses were performed in R.
Spatial and Temporal Analysis of Biomass
We used the UAV-derived maps of biomass to estimate the mean aboveground biomass density and total aboveground biomass for the site in each season. We tested seasonal differences using a two-way ANOVA. Data were square root-transformed to meet assumptions of normality and homogeneity of variances as needed. Biomass maps were also compared to 1-m 2 resolution digital elevation models (DEMs) available from the NOAA-CA Coastal Conservancy Coastal LiDAR project 2009-2013. Biomass and elevation data were extracted for each pixel along an elevational gradient from the SW corner to the NE corner of Basin II (Figure 1 ). The correlation of biomass and elevation was tested using a parabolic linear regression in R.
Results
Spectral Reflectance Validation
Comparison of field and UAV-based reflectance measurements pooled for all seasons indicated a strong 1:1 correlation (r 2 ≥ 0.94) with root mean square error (RMSE) less than 0.02 for all visible bands (Figure 3 ). The rededge (RE) and near-infrared (NIR) bands exhibited more variability at higher reflectance values. Overall, reflectance estimated with the UAV imagery and the observed reflectance in the field were well-correlated in the RE and NIR (r 2 ≥ 0.93), with RMSE's less than 0.05. Linear regression models for each band were found to be statistically significant (p < 0.005). 
Biomass Estimation Models
The vegetation indices exhibited variable performance in estimating aboveground biomass ( Figure 4 , Table 2 ). Of the vegetation indices, NDVI had the strongest linear correlation to dry aboveground biomass for pooled seasonal data (r 2 = 0.36, RMSE = 495.9 g m −2 , p < 0.005; Table 2 ), and for each season when seasonal data was analyzed individually. Live aboveground biomass was also best predicted by NDVI compared to the other VIs (Table S2 ). 
The vegetation indices exhibited variable performance in estimating aboveground biomass ( Figure 4 , Table 2 ). Of the vegetation indices, NDVI had the strongest linear correlation to dry aboveground biomass for pooled seasonal data (r 2 = 0.36, RMSE = 495.9 g m −2 , p < 0.005; Table 2 ), and for each season when seasonal data was analyzed individually. Live aboveground biomass was also best predicted by NDVI compared to the other VIs (Table S2) . 
The vegetation indices exhibited variable performance in estimating aboveground biomass ( Figure 4 , Table 2 ). Of the vegetation indices, NDVI had the strongest linear correlation to dry aboveground biomass for pooled seasonal data (r 2 = 0.36, RMSE = 495.9 g m −2 , p < 0.005; Table 2 ), and for each season when seasonal data was analyzed individually. Live aboveground biomass was also best predicted by NDVI compared to the other VIs (Table S2 ). Further analysis of the NDVI-based biomass estimation model reveals that season is a significant predictor in estimating aboveground biomass (partial F-test, F = 6.13, p < 0.001). NDVI-aboveground biomass models for the individual seasons exhibited variable success in predicting biomass (Table 3) . Although linear models were significant for all seasons, spring had the best performing model (r 2 = 0.67, RMSE = 344.3 g m −2 ). For live aboveground biomass, the spring biomass estimation model also outperformed all other seasons (Table S3) . 
Spatial and Temporal Patterns in Aboveground Biomass
The annual NDVI-based biomass estimation model (Equation (1)) was selected to create comparable biomass maps for Basin II of the Carpinteria Salt Marsh Reserve for each season ( Figure 5 ). Visual comparison of seasonal biomass maps reveals peak biomass indicative of salt marsh vegetation "green-up" occurring in spring. Analysis of pixel data for each biomass map also indicates an increase in average aboveground biomass in spring, which was estimated to be 1222.9 ± 435.7 g m −2 (Table 4) . This was 295.3 g m −2 higher than the average aboveground biomass estimated for the site in winter, summer, and fall. Similarly, total site biomass in Carpinteria Salt Marsh Basin II was 204.7 Mg in spring, approximately 49.3 Mg higher than total site biomass estimated for winter, summer, and fall. AGB = 2428.2 × NDVI + 120.1
The seasonal patterns suggested by the biomass maps were supported by field observations and analysis of field biomass (Table 4 ). Spring and summer exhibited higher dry and wet aboveground biomass compared to that of fall and winter. Unlike the UAV-derived biomass estimates, field data suggests peak plot biomass occurred in summer, which may be indicative of ongoing biomass accumulation from spring to summer coinciding with slight declines in vegetation greenness. However, only wet aboveground biomass was found to be significantly different among seasons (p < 0.001). Dry aboveground was not significantly different across seasons (p = 0.27). UAV-derived estimates of biomass were compared to elevation for a subset of marsh area along an elevational gradient ( Figure 6 ). For all seasons, peak biomass estimates occurred at elevations of 1.6 to 1.8 m. Maximum biomass occurred in spring with averages nearing 1500 g m −2 , which was, on average, approximately 500 g m −2 higher than the other seasons. UAV-derived estimates of biomass were compared to elevation for a subset of marsh area along an elevational gradient ( Figure 6 ). For all seasons, peak biomass estimates occurred at elevations of 1.6 to 1.8 m. Maximum biomass occurred in spring with averages nearing 1500 g m −2 , which was, on average, approximately 500 g m −2 higher than the other seasons. Remote Sens. 2019, 11, x FOR PEER REVIEW 10 of 16 
Discussion
This study demonstrates the potential for mapping aboveground biomass in coastal wetlands using high-resolution multispectral UAV imagery. By combining a UAV approach and field surveys over the course of an annual growing cycle, we were able to develop biomass estimation models based on NDVI, a commonly used proxy for vegetation health and productivity. We found a strong relationship between NDVI and biomass during the spring, which is typically the season of peak greenness. The submeter ground resolution attainable with UAVs was beneficial for investigating fine-scale spatial changes in wetland biomass. UAVs also offer high flexibility in the timing of imagery collection, which would be beneficial for a number of time-sensitive ecological applications. Overall, the multi-temporal, multispectral imagery derived from UAVs can help reveal spatiotemporal variability at resolutions superior to traditional remote sensing approaches.
Our findings reveal the high spatial and temporal variability of aboveground biomass in the Carpinteria Salt Marsh Reserve. The biomass maps created for this site indicate pronounced seasonal variability in vegetation health and biomass ( Figure 5 ). This pattern is characteristic of southern California coastal marshes where green-up of vegetation generally occurs in spring following the rainy season with biomass then peaking at the end of summer, followed by senescence [57, 58] . Our biomass maps capture spring green-up but indicate an overall reduction in green vegetation and aboveground biomass in summer (Table 4 ). This seasonal, site-wide response may be explained by spatial variation in vegetation productivity occurring within the marsh due to environmental stress along elevational gradients (Figure 6 ). High soil salinity is a major limiting factor for wetland plant growth in southern California [57] , and soil salinity has been shown to vary spatially with elevation and tidal inundation [59] . While productivity at lower elevations is generally limited by inundation [60] [61] [62] , higher elevations are prone to increased soil salinities due to reduced tidal flushing, minimal freshwater inputs and high rates of evapotranspiration in hot, dry summer months [63, 64] . Previous work in the Carpinteria salt marsh indicates reduced tidal exchange within the marsh, with higher elevations receiving as little as 5% of the inundation experienced at lower elevations [48] . This case site exemplifies how the high spatial resolutions and flexible temporal sampling frequency provided by UAVs can aid in investigating ecologically meaningful patterns and processes occurring within salt marshes. 
This study demonstrates the potential for mapping aboveground biomass in coastal wetlands using high-resolution multispectral UAV imagery. By combining a UAV approach and field surveys over the course of an annual growing cycle, we were able to develop biomass estimation models based on NDVI, a commonly used proxy for vegetation health and productivity. We found a strong relationship between NDVI and biomass during the spring, which is typically the season of peak greenness. The submeter ground resolution attainable with UAVs was beneficial for investigating fine-scale spatial changes in wetland biomass. UAVs also offer high flexibility in the timing of imagery collection, which would be beneficial for a number of time-sensitive ecological applications. Overall, the multi-temporal, multispectral imagery derived from UAVs can help reveal spatio-temporal variability at resolutions superior to traditional remote sensing approaches.
Our findings reveal the high spatial and temporal variability of aboveground biomass in the Carpinteria Salt Marsh Reserve. The biomass maps created for this site indicate pronounced seasonal variability in vegetation health and biomass ( Figure 5 ). This pattern is characteristic of southern California coastal marshes where green-up of vegetation generally occurs in spring following the rainy season with biomass then peaking at the end of summer, followed by senescence [57, 58] . Our biomass maps capture spring green-up but indicate an overall reduction in green vegetation and aboveground biomass in summer (Table 4 ). This seasonal, site-wide response may be explained by spatial variation in vegetation productivity occurring within the marsh due to environmental stress along elevational gradients (Figure 6 ). High soil salinity is a major limiting factor for wetland plant growth in southern California [57] , and soil salinity has been shown to vary spatially with elevation and tidal inundation [59] . While productivity at lower elevations is generally limited by inundation [60] [61] [62] , higher elevations are prone to increased soil salinities due to reduced tidal flushing, minimal freshwater inputs and high rates of evapotranspiration in hot, dry summer months [63, 64] . Previous work in the Carpinteria salt marsh indicates reduced tidal exchange within the marsh, with higher elevations receiving as little as 5% of the inundation experienced at lower elevations [48] . This case site exemplifies how the high spatial resolutions and flexible temporal sampling frequency provided by UAVs can aid in investigating ecologically meaningful patterns and processes occurring within salt marshes.
However, there is uncertainty associated with the remotely sensed estimates of aboveground biomass that can be attributed to several sources of error caused by the coastal environment, as well as data collection and processing techniques [13] . Environmental factors, such as sky conditions and tidal stage at the time of UAV flight can contribute to radiometric variability. Sky conditions, namely the presence of clouds, have been shown to influence the radiometric correction and resulting homogeneity of the UAV orthophotos [47] . We conducted our UAV flights over the course of a year under varying sky conditions. Environmental conditions during field campaigns contribute to radiometric variability, as evidenced by seasonal differences in the correlation among UAV and in situ measures of reflectance in the rededge and near-infrared wavelengths (Figure 3 ). This is shown by data collected in the fall, where variability in incoming irradiance associated with partly cloudy conditions led to an underestimation of reflectance by the UAV compared to the canopy reflectance measured in situ. Where possible, UAV imagery should be collected under constant sky conditions as close to solar noon as possible [47] in accordance with other logistical, regulatory, and weather constraints. In addition, the use of a downwelling light sensor, or irradiance sensor, may improve issues arising from variable light conditions; however, in this study, tests including irradiance data during image processing resulted in overestimation of reflectance in UAV imagery, thus, were excluded ( Figure S1 ). Finally, sensor noise may also present a significant source of radiometric variability and should be considered when selecting and designing UAV payloads.
The presence of water also poses significant complications to estimating biomass in coastal wetlands using remote sensing approaches. Water inundation dampens the reflectance occurring in the near-infrared wavelengths [26] and so will affect vegetation indices such as NDVI. The depth of inundation, vegetation structure, and underlying soils can ultimately interfere with the relationship between reflectance and standing biomass [16] . This concern has been demonstrated in long-term time series analyses of wetlands, where high NDVI outliers are more likely to reflect real changes in vegetation, but low outliers are likely to be artifacts of clouds or inundation [65] . The use of NDVI in this study as the foundation for biomass estimation models, therefore, comes with similar concerns. Due to sampling constraints and our desire to conduct UAV surveys as close to noon as possible, tidal levels varied across our survey dates. As a result, tidal inundation could lead to underestimation of NDVI and affect the relationship between NDVI and biomass. To reduce errors associated with inundation, water was masked for each season using a standardized classification. However, spatial analysis of the final biomass maps reveals potential issues caused by the presence of underlying water in vegetation canopies. In particular, the fall campaign was conducted with tidal levels over two times higher than the other seasons (Table S1 ), which may have resulted in underestimation of biomass, especially in pixels coinciding with lower elevations where tidal inundation is more probable (Figure 6 ). However, one of the benefits of UAV imagery is that the user has control over the timing of image acquisition. Therefore, field campaigns can be planned so that multi-temporal images are collected at similar tidal stages.
Vegetation phenology likely also impacted our UAV based estimates of biomass. The NDVI-based aboveground biomass model was significantly improved when season was considered as an additional predictor variable, meaning that season plays a significant role in predicting aboveground biomass. Further analysis of biomass estimation models for the individual seasons shows that, although biomass estimation models for each season were significant (Table 3) , spring presents the strongest model for estimating biomass. One key reason for this finding relates to the relationship between greenness and biomass. NDVI is essentially a measure of vegetation greenness, therefore, it serves best as a predictor of live, green biomass, which is typically produced during the growing season beginning in spring [57] . This is also evident in NDVI-based biomass estimation models developed for live, or wet, vegetation (Table S2, Table S3 ). Following the summer and fall dry season, salt marsh perennial and annual plants have either senesced or died, often resulting in higher levels of non-photosynthetic vegetation (NPV). During summer, fall, and winter, poor correlation can be expected between NDVI and biomass due to a lack of green biomass, given the environmental stressors and natural phenological cycles at play in these Mediterranean coastal wetland systems. As a result, we recommend that studies examining interannual variability in marsh biomass in this region should conduct multispectral UAV surveys during the spring. These findings also have implications for satellite-based assessments, where peak biomass may be the most informative biomass estimate for detecting long term changes associated with environmental variability [8] . This has been shown in other satellite-based assessments. For example, [21] found a strong correlation (r 2 = 0.70) between NDVI and peak biomass in Spartina dominated salt marshes on the coast of Georgia.
Further improvements to biomass estimation using UAVs in coastal wetlands can be achieved by more accurately capturing NPV. Fortunately, the ground resolutions provided by UAVs offer a number of advantages for mapping and monitoring coastal wetlands. For instance, the increased spatial resolution of ground pixels leads to a decrease in the number of mixed pixels, which might contain both green vegetation and NPV. The spectral response of an unmixed pixel will be more representative of a single vegetation cover type, whereas mixed pixels constitute a combination of spectral responses from multiple, often disparate, cover types. For example, spectral signatures can vary among herbaceous or woody vegetation types due to the biochemical and biophysical properties of the vegetation [66, 67] and therefore, may be more easily differentiated at finer resolutions. Increased spatial resolution has a proven advantage in delineating vegetation classes and estimating percent cover in salt marshes [42, 68] and mangroves [39] using multispectral imagery. Additionally, increased spectral resolution can also aid in the differentiation of cover types like live vegetation and NPV. Hyperspectral imagery has demonstrated an advantage over broad-band multispectral imagery with improved accuracies in differentiating vegetation types and species [13] . Gains in both spatial and spectral resolution can increase sensitivity to variations in reflectance or vegetation indices and ultimately improve the separability of different vegetation types.
High-resolution information on vegetation height and structure is another important component that could improve biomass estimation in coastal wetlands. Vegetation height and structure are typically measured remotely using active sensors such as LiDAR and RADAR [69] . These types of sensors can be placed on UAVs, but they are relatively expensive as compared to multispectral optical sensors. As UAV and sensor technology advances, the inclusion of active sensors to UAV payloads will become more feasible [27, 46] . However, passive optical sensors onboard UAVs also have the potential to provide structural information using photogrammetric methods in coastal wetlands [40] . These approaches have been successfully applied in olive orchards, temperate deciduous forests, and mangrove forests [43, 70, 71] . However, mapping vegetation height using photogrammetry is challenging in dense coastal wetlands as it is difficult to obtain sufficient numbers of ground points required to calculate vegetation height. For example, errors of up to 80% have been documented in elevation models created for dense cordgrass habitats [41] .
Conclusions
Here, we demonstrate that UAVs can aid our understanding of the spatial and temporal patterns in salt marsh biomass and productivity. Improved understanding of how productivity and biomass change over seasonal, annual, and decadal time scales is especially valuable, because this could indicate deviations from normal patterns of coastal wetland health. But, in order to detect ecologically relevant changes, remote sensing methods must capture both press and pulse disturbances that operate at vastly different temporal scales. In particular, discrete pulse disturbances often require flexibility and rapid deployment to time sampling efforts appropriately in order to capture the impacts to coastal wetlands. Impacts to biomass, productivity, and wetland health could serve as harbingers of future climate change impacts and could help establish thresholds of resilience to climate change drivers. Assessment of changes to biomass and productivity also highlight the potential for high-resolution insights into climate-related threats to ecosystem services, like carbon storage, that are provided by these valuable coastal habitats.
The benefits of UAVs for ecological applications in coastal wetlands are numerous due to their high operational flexibility and relatively low cost. This is a key advantage over traditional aerial and satellite remote sensing. Furthermore, UAVs are a valuable addition to traditional ecological fieldwork, which can often be time-and resource-intensive and costly and may limit the scope of study to relatively small areas and periods of time. Therefore, UAVs may be a complementary approach to fill critical spatial and temporal gaps inherent to both field work and other remotely sensed data. Integrating contextual field data, high-accuracy GPS, and both UAV and satellite remote sensing approaches can improve our ability to estimate biomass and productivity over time. Overall, remotely sensed data with high spatial and temporal resolutions could provide a more synoptic understanding of coastal wetland ecology and an invaluable view of ecological patterns and processes.
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